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Rous sarcoma virus (RSV) contains two ;135-nt imperfect direct repeats composed of smaller repeats, dr1 (;100 nt) and dr2
(;36 nt), that are between the env and src genes and downstream of src in the 39 untranslated region, respectively. It has
previously been shown that a Prague A RSV mutant in which both dr1 sequences are deleted is defective at several points in the
virus life cycle, including unspliced RNA and env mRNA stability, unspliced RNA transport, and virus particle assembly. A defect
in unspliced RNA transport occurs because a cytoplasmic transport element is present within the dr1. We have suggested that the
defect of particle production may arise from the failure of the unspliced RNA to be targeted to sites in the cytoplasm where its
translation is favorable for Gag protein assembly. In this report, we have further investigated the function of the direct repeats by
comparing virus mutants containing either a single upstream or downstream dr1 sequence. Both mutants were delayed in
replication compared to the wild-type; the mutant with a single upstream dr1 (DDDR) is significantly more defective than the mutant
with a single downstream dr1 (DUDR). While both mutants appear capable of efficiently transporting unspliced RNA to the
cytoplasm, the DDDR mutant with only the upstream dr1 is defective in its ability to support Gag assembly and particle release.
The replication defect cannot be repaired by placing the upstream dr1 at the location of the downstream dr1 in the 39 untranslated
region. A single point mutation in the upstream dr1 (U to C) restored replication and particle production to near normal levels. The
results suggest that unspliced RNA transport and Gag assembly functions may be mediated by different elements within the dr1
and that the Prague A upstream dr1 is defective in the latter but not the former function. © 1998 Academic Press
INTRODUCTION
The Rous sarcoma virus (RSV) genome contains two
;135-nt direct repeats that are upstream and downstream
of the viral oncogene src and in the 39 untranslated region
(39 UTR) and are composed of smaller repeats, dr1 (;100
nt) and dr2 (;36 nt). The upstream (UDR) and downstream
(DDR) dr1 sequences are approximately 80% homologous.
It has previously been shown that RSV mutants lacking
both dr1 sequences are deficient in virus replication. The
loss of infectivity has been explained in part by effects on
RNA transport and stability (Ogert et al., 1996; Simpson et
al., 1997). The dr1 sequences of RSV contain cytoplasmic
transport elements (CTEs). These elements, which are
present in several different retroviruses as well as cel-
lular RNAs (Bray et al., 1994; Ogert et al., 1996; Tabernero
et al., 1997, 1996; Zolotukhin et al., 1994), facilitate un-
spliced viral RNA transport and may also act to stabilize
unspliced viral RNA.
In addition to the apparent effects on RNA transport
and RNA stability, we have previously shown that dele-
tion of both dr1 elements causes a defect in virus particle
assembly. Gag precursors are synthesized at levels con-
sistent with the amount of cytoplasmic unspliced RNA
but are not cleaved to mature proteins and only very
small amounts of virus particles are released into the
medium (Simpson et al., 1997). We have suggested that
this may result from the failure of the unspliced RNA to
be targeted to sites in the cytoplasm where its transla-
tion is favorable for viral Gag protein assembly.
It is possible that each of the two direct repeats in RSV
could mediate different functions corresponding to the several
steps in replication that appear to be affected. This seems
unlikely, however, since previous studies have indicated
that Schmidt-Ruppin and Prague C RSV constructs contain-
ing only a single dr1, either the UDR or DDR, replicate with
similar efficiencies when the dr1 sequence is present in the
39 UTR (Ogert et al., 1996; Sorge et al., 1983). Furthermore,
replication-competent avian leukosis viruses contain only a
single direct repeat in their 39 UTRs (Coffin, 1984). These
results suggested that each of the direct repeats is individ-
ually able to mediate all the functions attributed to it.
To test the hypothesis that the UDR and DDR are
redundant and functionally equivalent, we investigated
the properties of mutants in which either the upstream or
the downstream dr1 was precisely deleted. Our results
indicate that the upstream dr1 of the Prague A RSV
strain, unlike that of the Prague C strain, is unable to
support efficient virus replication and particle assembly
in the absence of the downstream dr1. However, its
function as a CTE is not significantly impaired.
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RESULTS
Cells infected with a mutant with a deleted
downstream dr1 produce particles at a low level
compared to a mutant with a deleted upstream dr1
Prague A strain RSV mutant DNA either with wild-type
sequence or with precise deletions of either the upstream
or downstream dr1 sequence (mutants DUDR and DDDR,
respectively; Fig. 1A) were transfected into either permissive
CEF or TEF. Similar results were obtained with either cell
type. Using these conditions, the replication-competent
phenotype can be determined by the ability of infectious
virus to spread from the originally transfected cells. Reverse
transcriptase (RTase) activity in the medium was measured
at intervals after transfection to determine the release of
virus particles (Fig. 2). RTase was first detected in the DUDR
mutant 5 days after transfection and this was increased
at 7 days. The appearance of RTase activity was slightly
delayed compared to that in the wild-type. In contrast, at 10
days after transfection the level of RTase detected in the
medium of cells transfected by the DDDR mutant was only
approximately 5% of those of the wild-type or the DUDR
mutant. However, this was a significantly higher level of
RTase than that for a mutant (DBDR) in which both dr1 ele-
ments were deleted (Simpson et al., 1997). Cells infected with
both DUDR and DDDR showed morphological evidence of
transformation at 7 to 10 days posttransfection, indicating that
most of the cells in the culture were expressing the src gene.
As a further test for the kinetics of infection, RNA was
harvested from infected cells at different times posttrans-
fection and the levels of viral RNA species by RNase pro-
tection analyses were determined (Fig. 3). At 5 days post-
transfection both the wild-type- and DUDR-infected cells
contained comparable levels of RNA but only low levels of
RNA were present in the DDDR-infected cells. At 10 days
posttransfection, however, DDDR-infected cells contained
RNA at levels similar to that of wild-type. The results of
multiple independent experiments indicated that the rela-
tive amount of unspliced to spliced viral RNA in the DDDR-
infected cells was reduced approximately twofold com-
pared to the DUDR- and wild-type-infected cells. Thus, at 10
days posttransfection, the level of particle production as
determined by RTase was reduced significantly more than
the level of unspliced RNA.
Upstream and downstream dr1 sequences exhibit
similar activities in assays for cytoplasmic transport
elements (CTE)
To determine whether the nuclear to cytoplasmic RNA
ratios were affected when a single dr1 was present, CEF
FIG. 1. Schematic representations of the Prague A RSV proviral constructs and the riboprobe templates. (A) Diagrams of the wild-type RSV proviral
DNA (pJD100) and mutant constructs. Deletions are indicated by gaps in the constructs, with start and end points and other sites of interest marked
by nucleotide number according to the Prague C RSV sequence (Schwartz et al., 1983). 59ss, 59 splice donor; env 39ss, env 39 splice acceptor; src
39ss, src 39 splice acceptor; dr, direct repeat. (B) Riboprobe templates used to analyze the RSV proviral RNA by RNase protection assays. Plasmid
pMap21BS spans the env 39 splice site (nt 5042–5258) and the src 39 splice site (nt 6983–7330) with heterologous sequence as spacer. The plasmid
was linearized with EcoRI and antisense RNA was transcribed using T7 RNA polymerase. The sizes of the fragments protected by each RNA species
are indicated below the riboprobe maps. Plasmid pMapLacZ, containing the EcoRI to ClaI fragment (nt 3711 to 4538) from the lacZ gene, was
linearized with XbaI and antisense RNA was transcribed using T7 RNA polymerase. 39 ss, 39 splice site; unspl, unspliced; spl, spliced.
FIG. 2. Comparison of RTase activities in medium from cells infected
with DUDR, DDDR, and DBDR mutants. After transfecting CEF with proviral
DNA as indicated or control DNA (mock), culture medium was analyzed for
reverse transcriptase activity at the various times posttransfection as
indicated using previously described techniques (Zhang and Stoltzfus,
1995). The amount of [a-32P]TTP-labeled product, which is proportional to
the number of virions released from CEF over the time course of infection,
is plotted. Cells were passaged as they became confluent, and the me-
dium was changed 24 h prior to harvesting the medium for analysis.
Constructs are described in Fig. 1. Data shown are representative of
several independent transfections in both CEF and TEF.
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were transiently transfected for 48 h with DDDR and
DUDR DNA constructs and the absolute nuclear and
cytoplasmic levels of viral RNA species were determined
by comparison to an internal control lacZ RNA. In the
experiment shown in Fig. 4, the ratio of cytoplasmic to
nuclear RNA in DDDR-infected cells was reduced slightly
but not significantly compared to DUDR-infected cells.
This is in contrast to the more than threefold reduction in
the cytoplasmic to nuclear RNA ratio we and others have
found for RSV mutants in which both dr1 sequences are
deleted (Ogert et al., 1996; Simpson et al., 1997).
To assay whether the upstream and downstream
Prague A dr1 sequences were significantly different in
their ability to facilitate transport of unspliced RNA (i.e.,
CTE activity), fragments containing these sequences
were placed into an HIV env -based construct which
contains the chloramphenicol acetyltransferease gene
(cat) inserted into the intron. Expression of CAT in such
constructs is dependent on the transport of unspliced
RNA to the cytoplasm (Hope et al., 1990). This expression
is facilitated by the HIV regulatory protein Rev, which
binds to the Rev-responsive element (RRE) within the HIV
intron downstream of cat. CAT activity in control CEF
transfection experiments using constructs containing the
RRE was increased approximately fivefold in the pres-
ence of Rev (data not shown). To test for CTE activity in
the absence of Rev, upstream and downstream dr1-
containing fragments were inserted in both orientations
into the construct pCMV138, which lacks an RRE, as
shown in Fig. 5A. These constructs were transfected into
CEF for 48 h and cell lysates were tested for CAT ex-
pression (Fig. 5B). Both the UDR and DDR constructs
were capable of facilitating similar levels of Rev-indepen-
dent CAT expression in the sense but not the antisense
orientation. In these experiments the activity of the UDR
appeared to be slighly higher than that of the DDR but
FIG. 3. Accumulation of viral RNA species in CEF-infected DUDR and
DDDR mutants. RNase protection assays of total cell RNA (5 mg) isolated
at 5 and 10 days posttransfection using the pMap21BS riboprobe labeled
with [32P]UTP were carried out as described under Materials and Meth-
ods. Wild-type and mutant constructs are described in Fig. 1. The sizes in
nucleotides and locations of the protected bands are indicated.
FIG. 4. Comparison of nuclear and cytoplasmic levels of unspliced RNA in DUDR- and DDDR-infected cells. (A) RNase protection assays of nuclear
(N) and cytoplasmic (C) CEF RNA (6 and 15 mg, respectively) harvested at 48 h after transfection of the wild-type and dr1 deletion mutant plasmids
were carried out using pMap21BS and pMapLacZ riboprobes. These viral constructs also contained point mutations in the integrase gene to prevent
virus spread during the experiment. These mutations do not affect the stabilities of the viral RNA species or splicing ratios. Plasmid pGAGLAC532BS,
which produces an RSV gag-lacZ fusion mRNA, was used as a cotransfection control (Knight et al., 1994). (B) The amount of unspliced and LacZ RNA
was determined by directly counting the gel on an AMBIS beta scanner and unspliced RNA levels, determined as described in the legend to Fig. 3,
were then normalized to the amount of lacZ RNA to determine the nuclear and cytoplasmic unspliced RNA levels.
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this difference was shown not to be statistically signifi-
cant.
Particle assembly and processing of Pr76gag
to mature proteins is inefficient in DDDR-
but not DUDR-infected cells
The previous experiments indicated that sequences
within the UDR and DDR were both able to act as CTEs
in CEF. Furthermore the DDR deletion had little effect on
the cytoplasmic to nuclear RNA ratio compared to the
mutant in which both dr1 sequences were deleted, pre-
sumably because CTEs were absent in the latter mutant.
We previously showed that the mutant lacking both dr1
sequences was deficient in particle assembly as well as
cytoplasmic RNA accumulation. We therefore tested the
effect of single dr1 deletions on particle assembly and
whether this might account for the difference in the
replication efficiencies of the DUDR and DDDR mutants.
Preliminary experiments indicated that the level of the
translation products of the DDDR and DUDR unspliced
RNA (Pr76gag) were consistent with the level of unspliced
RNA in the cytoplasm. To test to what extent the assem-
FIG. 5. Both UDR and DDR behave as constitutive transport elements in CEF. (A) Schematic representation of pCMV138, pCMV138/DDR, and
pCMV138/UDR constructs. The HIV 59 splice site D4 and 39 splice site A6 (Cullen, 1991) flank the cat gene. All constructs are described under
Materials and Methods. (B) CAT activity relative to pCMV138. CAT assays were performed using CEF extracts harvested 48 h posttransfection. The
amount of cell extract analyzed was adjusted to the level of CMV138 based upon LacZ activity from the cotransfection control, pCMVb. Data shown
are the average of 10 independent transfections.
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bly and processing of Gag was affected by the DDR
deletion, we carried out pulse–chase experiments to
determine the fate of the Gag precursor protein. The
media from the cells were also assayed to determine the
amount of labeled mature CA protein that appeared in
virus particles (Fig. 6A). After the pulse, most of the label,
as expected, was present in the Pr76gag band in both the
DUDR- and DDDR-infected cells. With time of chase in
the DUDR-infected cells, the percentage of the initial
Pr76gag in cells decreased and increasing percentage of
label appeared as processed CA protein in the infected
cell lysates (Fig. 6B). Radioactive label appeared in the
medium of the DUDR-infected cells as CA in released
virus and this increased with the time of chase, with
kinetics very similar to that previously reported for wild-
type virus (Simpson et al., 1997); see Fig. 7). In contrast,
in DDDR-infected cells, the majority of the Gag protein
remained in its precursor form and the percentage of the
label in processed CA was barely detectable in the
lysates and the media during the chase period. Because
the amount of pulse-labeled Pr76gag in the DDDR-in-
fected cells was reduced two- to threefold relative to the
wild-type and DUDR-infected cells, it was conceivable
that CA in the medium would not be detected in this
assay. However, when we applied only one-third of a
wild-type sample to compensate for greater Gag expres-
sion, CA in the medium was detected as early as 20 min
into the chase (Fig. 7). The results thus indicated that the
failure to detect significant levels of processed CA in the
cells or medium in the DDDR-infected cells was not
because of insufficient signal but that the assembly and
processing of the Gag precursor in DDDR-infected cells
was indeed inefficient relative to that of the DUDR- or
wild-type-infected cells. This was consistent with the
persistence of Gag precursor in the DDDR-infected cells.
The UDR does not function when moved
to the 39 UTR
From the results described above, it was not possible
to determine whether the UDR element was intrinsically
defective or whether it could mediate all functions when
placed at the position of the DDR within the 39 UTR. A
previous study with MPMV has indicated that its CTE
functions at a much higher efficiency when it is present
within the 39 UTR compared to internal positions (Rizvi et
al., 1997). To test this possibility with RSV, we constructed
a virus mutant clone (pWG6) in which the upstream dr1
was placed in the position in the 39 UTR normally occu-
pied by the downstream dr1. This construct was trans-
fected into CEF and the RTase activities were deter-
mined (Fig. 8). The virus mutant in which the UDR was
moved to the 39 UTR replicated even less efficiently than
than DDDR in which the UDR was present at its normal
upstream position. Inclusion of additional flanking se-
quence on either side of the UDR did not alter this result
(data not shown). We concluded from these results that
FIG. 6. Pulse–chase analysis of viral proteins in DUDR and DDDR
mutant-infected cells. (A) TEF cells infected with DUDR and DDDR mutant
virus were labeled with [35S]methionine in methionine-free medium for 15
min. After this time the media and lysates were prepared from one set of
60-mm plates. The labeling medium was removed from a duplicate set of
plates and replaced with medium containing methionine. The chases
were carried out for the times indicated and the media and lysates were
prepared from these cells. Gag proteins were immunoprecipitated with
anti-CA serum and the immunoprecipitates were electrophoresed on 12%
SDS–PAGE gels followed by fluorography to detect the protein bands. The
bands near the top of the gel were also in lysates and medium from
mock-infected cells. We believe that bands may represent fibronectin
protein which is secreted by the cells and is known to bind to Staphylo-
coccus aureus cells that are used in the immunoprecipitation procedure
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the failure of DDDR but not DUDR to replicate efficiently
is not due to the respective locations of the two dr1
sequences in the viral genome. It is suggested instead
that the UDR of Prague A RSV was inherently deficient in
mediating efficient particle assembly.
The UDR of the Prague C strain functions efficiently
at its normal upstream position when present
as a single dr
The previous results indicated that, when present
alone, the UDR of the Prague A strain was unable to
support functions necessary for efficient virus replication
either at its normal upstream position or when placed at
the position of the DDR in the 39 UTR. In contrast, virus
constructs containing either the single UDR or DDR of
the Prague C strain have been reported to replicate with
similar kinetics and at only a slightly reduced level com-
pared to wild-type Prague C RSV (Ogert et al., 1996). We
previously showed that the UDR sequence of the Prague
A and Prague C strains differs by a single U to C change
at nt 6957 (Stoltzfus et al., 1987). To test the effect of this
difference on virus replication, we constructed a variant
of the DDDR mutant containing this single nucleotide
change. This mutant (DDDR-C) was transfected into CEF
and RTase levels were determined as a function of time
after transfection (Fig. 8). It was compared to the DUDR
and DDDR mutants, which were transfected in parallel.
The kinetics of infection were similar in cells infected
with DDDR-C and DUDR mutants. Approximately 10-fold
more RTase was produced at 9 days posttransfection
with the DDDR-C mutant than with the DDDR mutant.
This striking difference between DDDR and DDDR-C was
confirmed using an assay for radioactive particle produc-
tion (Fig. 9). Infected cells were labeled for 3 h with
[35S]methionine and viral proteins were immunoprecipi-
tated from the cell lysates and from the medium. The
levels of processed CA in the medium and the lysates of
the DDDR-C mutant (lanes 3 and 8) were similar to that
of cells infected with either the DUDR mutant (lanes 2
and 7) or the wild-type (lanes 1 and 6). In contrast, the
levels of processed CA in the medium and lysates of the
DDDR mutant (lanes 5 and 10) were reduced relative to
those of DDDR-C and the amount of unprocessed
Pr76gag in the lysate was increased. Note that the
amount of processed CA in the cells and medium was
higher with DDDR compared to the Prague A RSV mutant
in which both dr1 sequences were deleted (DBDR; com-
pare lanes 4 and 5, 9 and 10). This is in agreement with
our previous results showing that DBDR produces little
or no detectable virus as determined by RTase and
radioactive particle assays (Simpson et al., 1997). Se-
FIG. 7. Sensitivity of pulse–chase assay for detecting virus particles
in the medium. Pulse labeling and analysis were carried out as de-
scribed in Fig. 6 except that one-third of wild-type samples from the cell
lysates and medium were compared to corresponding DDDR samples.
FIG. 6. (Continued ) (Ryden et al., 1982). (B) Amounts of Pr76gag in the
lysates (relative to the amount after the pulse) determined by Phosphor-
Imager analysis of the gel and plotted versus chase time. The amounts
of CA appearing the the medium relative to the amount of label in the
pulse were determined by PhosporImager analysis, and these values
are plotted versus chase time.
91COMPARISON OF RSV dr1 MUTANTS
quence analysis of infected cell RNA confirmed that the
U to C transition at nt 6957 was the only change in the
viral RNA isolated from the DDDR-C-infected cells and
that the deletion was maintained. We concluded that the
single base change in the UDR was sufficient to allow for
particle assembly and RTase production at near normal
levels.
DISCUSSION
Previous studies have indicated that deletion of the
RSV dr1 sequences results in a number of different
phenotypic lesions affecting the transport, stability, and
cytoplasmic expression of unspliced viral RNA (Ogert et
al., 1996; Simpson et al., 1997; Sorge et al., 1983). It was
not clear from these studies whether these functions
were mediated by the same or different cis elements.
The results of the present study suggest that there may
be multiple cis elements contained in each of the two dr1
sequences. One element, which is detected by the CTE
assays, promotes nucleocytoplasmic transport of un-
spliced RNA. Fragments containing the UDR and DDR of
the Prague A strain appear to function similarly in this
assay. Consistent with this interpretation, the ratio of
cytoplasmic to nuclear unspliced viral RNA in the DDDR
mutant-infected cells is reduced only marginally com-
pared to that of the DUDR mutant. A second element may
be necessary for efficient particle assembly. Particle pro-
duction of the DDDR mutant as assayed either by RTase
or by release of radioactive particles is reduced to ap-
proximately 5% that of the DUDR mutant. The UDR of the
Prague A strain appears to be deficient in this function.
The UDR and DDR have only 80% sequence homology,
yet they appear to be functionally equivalent in the
Prague C strain (Ogert et al., 1996). Paradoxically, how-
ever, a single nucleotide change in the UDR is sufficient
to greatly impair its function in the Prague A strain. The
dr1 sequences from a number of different avian leukosis
and sarcoma viruses are compared in Fig. 10. A C resi-
due is conserved at the position of the Prague A–Prague
C change in the dr1 sequences of all of these virus
strains except the Prague A UDR, which has a U at this
position. This suggests that this conserved nucleotide is
critical for dr1 function.
Why then does the RSV genome contain two dr1 ele-
ments when they both appear to be functionally equiva-
lent? The data given in Fig. 2 indicate that the growth of
DUDR, which contains a nondefective dr1 sequence, is
slightly delayed relative to that of the wild-type. Thus,
there appears to be a selective advantage for the virus to
maintain two dr1 sequences. The nature of this advan-
tage is not yet known. We have found that the level of env
mRNA but not unspliced RNA is reduced in DUDR- com-
pared to wild type-infected cells (S. Simpson and C. M.
Stoltzfus, unpublished data). Whether this is the only
cause of the replication delay is not yet known.
A likely role for the cis elements within the dr1 se-
quences is that they represent binding sites for cellular
factors. Indeed, multiple cellular protein factors have
been reported to specifically bind to the CTEs from type
D simian retroviruses (Pasquinelli et al., 1997; Tang et al.,
1997a, b) and hepatitis B virus (Huang and Yen, 1995).
Our results suggest that there may also be multiple
cellular factors interacting with the RSV dr1 sequences
FIG. 8. Comparison of RTase activities from cells transfected with
UDR mutants. The Prague A UDR was moved to the position of the DDR
in the 39 UTR (pWG6) and the Prague C RSV UDR was substituted for
the Prague A UDR in the DDDR mutant (DDDR-C). RTase activity in the
medium at the times indicated was determined as described in the
legend to Fig. 2.
FIG. 9. Comparison of Gag processing and particle production of
cells transfected with UDR mutants. TEF cells infected with wild-type,
DUDR, DDDR-C, DBDR, and DDDR were labeled with [35S]methionine
in methionine-free medium for 3 h. After this time, lysates (lanes 1 to 5)
and media (lanes 6 to 10) were prepared. Gag proteins were immuno-
precipitated and analyzed by gel electrophoresis as described in Fig. 6.
Lanes 1 and 6, wild-type; lanes 2 and 7, DUDR; lanes 3 and 8, DDDR-C;
lanes 4 and 9, DBDR; lanes 5 and 10, DDDR.
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affecting expression of RSV unspliced RNA. One factor or
set of factors may interact with one of the cis elements in
the nucleus to facilitate transport of unspliced viral RNA
to the cytoplasm. Both the UDR and DDR appear capable
of mediating this function. HIV-1 and other complex ret-
roviruses encode Rev-like viral proteins that bind to cis
elements within their intron-containing RNAs (Cochrane
et al., 1990; Daly et al., 1989; Heaphy et al., 1990; Malim
et al., 1989; Zapp and Green, 1989). These viral regulatory
proteins possess a nuclear export signal (NES) that re-
sults in the transport of unspliced and partially spliced
transcripts bound to the proteins by interacting with
cellular factors (Bogerd et al., 1995; Fischer et al., 1995,
1994; Fornerod et al., 1997; Fritz et al., 1995). The hypo-
thetical cellular dr1 binding factor may also have an NES
that acts in a manner similar to that of Rev in order to
promote transport of the unspliced RSV RNA. Whether
this transport pathway is the same as the Rev-mediated
pathway remains to be determined.
Another cellular factor or set of factors may bind to a
second element within the dr1 to promote virus assem-
bly in the cytoplasm. As shown in Fig. 6, this element
appears to be defective in the Prague A UDR. We have
previously proposed several hypotheses to explain the
effect on virus particle assembly and Gag cleavage
(Simpson et al., 1997). Assembly of Gag precursors may
require a threshold level of Gag in the cytoplasm in order
to proceed efficiently. Since the level of unspliced RNA
and Gag appears to be 30 to 50% lower in the cytoplasm
of DDDR mutant-infected cells than in DUDR-infected
cells, we cannot yet eliminate this hypothesis. A second
hypothesis is that the factor or factors bound to the
unspliced viral RNA may target gag-pol mRNA to be
translated to form Gag precursors at sites in the cyto-
plasm favorable for virus assembly. Interestingly, it has
been shown that HIV-1 Rev may also play a cytoplasmic
role in the translation of unspliced and env mRNAs (Ar-
rigo and Chen, 1991; D’Agostino et al., 1992). It has
further been shown that in the presence of Rev, un-
spliced HIV-1 RNA in the cytoplasm is associated with
cytoskeletal proteins, whereas in the absence of Rev it is
not (Kimura et al., 1996). Thus, Rev may play an analo-
gous role in directing RRE-containing RNAs to the cor-
rect cytoplasmic location, where these RNAs can be
translated efficiently.
Our data further support the notion that mammalian
cells may be defective in one or more of the factors that
bind to the cis elements within the dr1 sequences. The
phenotypes of the RSV dr1 deletion mutants in avian
cells resemble those which have been reported for RSV
FIG. 10. Comparison of dr1 sequences of different avian leukosis/sarcoma viruses. The location of the base change in Prague C versus Prague
A is shown in bold. References to sequences are the following: Pr-A 59 dr1 (Stoltzfus et al., 1987); Pr-C 59 dr1, PrC 39 dr1 (Schwartz et al., 1983); Pr-A
39 dr1 (S. Simpson and C. M. Stoltzfus, unpublished data); SR-A 59 dr1, 39dr1 (Czernilofsky et al., 1983); RAV-0 (Tsichlis et al., 1982); RAV-2 (Bizub et
al., 1984); RAV-1 (Eychene et al., 1989); RAV-7, RAV-50 (Onuki et al., 1987); HPRS (Bai et al., 1995); FSV (Shibuya and Hanafusa, 1982); ASV MH2 (Kan
et al., 1984); ASV UR2 (Neckameyer and Wang, 1985); ASV Y73 (Kitamura et al., 1982).
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in various types of transfected and infected mammalian
cells. These include (1) overexpression of src mRNA and
underexpression of unspliced RNA and env mRNA (Ber-
berich et al., 1990; Quintrell et al., 1980); (2) elevation in
the nuclear to cytoplasmic ratio of unspliced RNA, sug-
gesting a deficiency in transport of unspliced RNA (Na-
sioulas et al., 1995); and (3) failure to efficiently assemble
particles and cleave Gag precursors (Vogt et al., 1982).
Also consistent with this hypothesis, we and others have
reported that RSV CTE elements do not facilitate expres-
sion of unspliced RNA from HIV reporter constructs in
several types of mammalian cells (Ogert et al., 1996;
Simpson et al., 1997). Comparison of the putative binding
factors in both avian and a variety of mammalian cell
types will be necessary to further test this hypothesis.
MATERIALS AND METHODS
Plasmids
pJD100 is an infectious nonpermuted clone of a
Prague A strain of RSV. pJTM14 was created by cloning
the entire provirus derived from pJD100 into a pUC18-
based vector containing the cat gene and the simian
virus 40 early poly(A) signal (Miller and Stoltzfus, 1992).
Nucleotide numbers are from the Prague C RSV se-
quence (Schwartz et al., 1983). Plasmid pSBS48 was
constructed by annealing the following two oligonucloti-
des: 59-CAGTTATAATAATCCTGCGAATCGGGCTGTAACG-
GGGC-39 and 59-TCGAGCCCCGTTACAGCCCGATTCGC-
AGGATTATTATAACTGAGCT-39 followed by ligation to
pJTM14, which was cleaved with SacI and XhoI. This
created a deletion between nt 6907 and 6983. pSBS48
was then cleaved with SacI and the SacI/SacI fragment
(nt 255 to 6865) from pJD100 was ligated to the cleaved
plasmid to create pSBS50. Plasmid DUDR was then
made by isolating the KpnI/MluI fragment (nt 4995 to
7901) from pSBS50 and inserting it into pJD100, which
was cleaved with KpnI and MluI. Plasmid pSBS76 was
created by a three-fragment ligation in which two PCR
products were cloned between the BglI site at nt 7736
and the HindIII site at nt 9393. This created a deletion
between nt 8796 and 8881. The PCR primers were de-
signed so that the deletion was flanked by an upstream
KpnI site and a downstream XhoI site. pSBS76 was then
cleaved with MluI and HindIII and the MluI/HindIII frag-
ment (nt 7901 to the HindIII site in pBR322 which flanks
the 39 LTR) was ligated with the HindIII/ClaI fragment
from pBR322 and the ClaI/MluI fragment from pJD100 to
create DDDR. Plasmid DBDR was created by ligating the
ClaI/MluI fragment containing the UDR deletion from
DUDR with the MluI/ClaI fragment containing the DDR
deletion from DDDR. Plasmid pWG6 was constructed by
insertion of a PCR product spanning nt 6894 to 6983 of
pJD100 into plasmid DBDR between nt 8792 and 8885.
pWG7 was constructed by insertion of a PCR product
spanning nt nt 8792 to 8885 of pJD100 into plasmid DBDR
between nt 6894 and 6983. Plasmid DDDR-C was con-
structed by insertion of a SacI/XhoI I fragment spanning
nt 6865 to 6983 from a PCR amplification product of an
infectious Prague C RSV DNA template (pATV-8; (Katz et
al., 1982) into DBDR between nt 6865 and 6983.
Plasmids used to make templates for analysis of RSV
and lacZ RNA have been previously described (Berberich
and Stoltzfus, 1991; Knight et al., 1994). Plasmids
pCMV138 and pDM121 were obtained from Dr. Thomas
Hope (The Salk Institute, La Jolla, CA). To construct
pCMV138(DDR1) and pCMV138(DDR2), the following
procedure was used. PCR was used to synthesize a
172-nt product (nt 8747 to 8919) containing the down-
stream dr1 sequence and flanking sequences of pJD100.
The sense primer (59-CTGTAGAAATTGTATACCATTAG-
GCG-39) contained two point mutations (underlined)
which created an AccI site. The antisense primer (59-
AGACGCCATCG ATATTCCAAGCAG-39) contained an in-
sertion (underlined) which created a ClaI site. The PCR
product was digested with ClaI and AccI and this
fragment was cloned into pCMV138 cleaved with ClaI
and treated with shrimp alkaline phosphatase. The clones
were screened for sense and antisense orientations of
dr1[pCMV138(DDR1) and pCMV138(DDR2), respectively].
To construct pCMV138(UDR1) and pCMV138(UDR2)
the following procedure was used. PCR was used to
synthesize a 187-nt product (nt 6865 to 7037). The sense
primer (59-GCGGCATCGATGGTACCAGAGCTCAGTTATA-
ATAATCCTGC-39) contained a ClaI site (underlined). The
antisense primer (59-TCCTGCAGCACAGTCGACATATT-
AAGACTACATTTTTCCCC-39) contained an AccI site (un-
derlined). The PCR product was digested with ClaI and
AccI and the fragment was cloned into pCMV138 cleaved
with ClaI and treated with shrimp alkaline phosphatase.
The clones were screened for sense and antisense ori-
entations of dr1 [pCMV138(DDR1) and pCMV138(DDR2),
respectively]. All PCR-derived fragments were se-
quenced to confirm their expected primary structure.
Cell culture and DNA transfections
Secondary CEF were cultured in SGM [Medium 199
(Bethesda Research Laboratories, Inc., Gaithersburg,
MD) supplemented with 10% (vol/vol) tryptose phosphate
broth and 5% (vol/vol) calf serum]. Secondary TEF were
cultured in SGM supplemented with 1% (vol/vol) heat-
inactivated chicken serum. CEF and TEF were trans-
fected by either the DEAE–dextran procedure as previ-
ously described (Miller and Stoltzfus, 1992) or by the
calcium phosphate coprecipitation procedure essentially
as previously described (Zhang et al., 1996).
RNA isolation and analysis
Total cellular RNA was harvested by the guanidine
hydrochloride technique essentially as described by
Strohman et al. (1977). Cytoplasmic and nuclear RNA
were isolated by procedures previously described (Simp-
son and Stoltzfus, 1994). After purification, the nuclear
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preparation was free of cytoplasmic tags when exam-
ined by phase microscopy. In addition, RNase protection
analyses using [a-32P]UTP-labeled riboprobes indicated
that the nuclear but not the cytoplasmic RNA fraction
contained unspliced c-src RNA precursors. RNase pro-
tection assays were carried out essentially as described
previously (Berberich and Stoltzfus, 1991).
Protein analysis
Cells were labeled with [35S]methionine after starving
in methionine-free medium (125 mCi/ml for Fig. 6 and 90
mCi/ml for Fig. 8). Cell monolayers were lysed and im-
munoprecipitations of lysates and medium were carried
out as described previously except that the antibody was
a rabbit anti-CA serum (Wills et al., 1989).
ACKNOWLEDGMENTS
This research was supported by Public Health Service Grants
CA28051 to C.M.S. and CA 47482 to John Wills, in whose laboratory a
portion of this work was performed. We also thank Stanley Perlman and
Mark Stinski for critical reviews of the manuscript. We thank Julie
Pfeiffer for her assistance in constructing clones used for some of the
experiments.
REFERENCES
Arrigo, S. J., and Chen, I. S. Y. (1991). Rev is necessary for translation but
not cytoplasmic accumulation of HIV-1 vif, vpr, and env/vpu RNAs.
Genes Dev. 5, 808–819.
Bai, J., Payne, L. N., and Skinner, M. A. (1995). HPRS-103 (exogenous
avian leukosis virus, subgroup J) has an env gene related to those of
endogenous elements EAV-0 and E51 and an E element found
previously only in sarcoma viruses. J. Virol. 69, 779–784.
Berberich, S. L., Macias, M., Zhang, L., Turek, L. P., and Stoltzfus, C. M.
(1990). Comparison of Rous sarcoma virus RNA processing in
chicken and mouse fibroblasts: Evidence for double-spliced RNA in
nonpermissive mouse cells. J. Virol. 64, 4313–4320.
Berberich, S. L., and Stoltzfus, C. M. (1991). Analysis of spliced and
unspliced Rous sarcoma virus RNAs early and late after infection of
chicken embryo fibroblasts: Effect of cell culture conditions. Virology
182, 135–144.
Bizub, D., Katz, R. A., and Skalka, A. M. (1984). Nucleotide sequence of
noncoding regions in Rous-associated virus-2: Comparisons delin-
eate conserved regions important in replication and oncogenesis.
J. Virol. 49, 557–565.
Bogerd, H. P., Fridell, R. A., Madore, S., and Cullen, B. R. (1995).
Identification of a novel cellular co-factor for the Rev/Rex class of
retroviral regulatory proteins. Cell 82, 485–494.
Bray, M., Prasad, S., Dubay, J. W., Hunter, E., Jeang, K.-T., Rekosh, D., and
Hammarskjold, M.-L. (1994). A small element from Mason-Pfizer
monkey virus genome makes hman immunodeficiency virus type 1
expression and replication Rev-independent. Proc. Natl. Acad. Sci.
USA 91, 1256–1260.
Cochrane, A. W., Chen, C. H., and Rosen, C. A. (1990). Specific inter-
action of the human immunodeficiency virus Rev protein with a
structured region in the env mRNA. Proc. Natl. Acad. Sci. USA 87,
1198–1202.
Coffin, J. M. (1984). Structure of the retroviral genome. In ‘‘RNA Tumor
Viruses’’ (R. Weiss, N. Teich, H. Varmus, and J. Coffin, Eds.), Vol. 1, pp.
261–368. Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
NY.
Cullen, B. R. (1991). Regulation of human immunodeficiency virus rep-
lication. Annu. Rev. Microbiol. 45, 219–250.
Czernilofsky, A. P., Levinson, A. D., Varmus, H. E., Bishop, J. M., Tisher,
E., and Goodman, H. M. (1983). Corrections to the nucleotide se-
quence of the src gene of Rous sarcoma virus. Nature 301, 736–738.
D’Agostino, D. M., Felber, B. K., Harrison, J. E., and Pavlakis, G. N. (1992).
The Rev protein of human immunodeficiency virus type 1 promotes
polysomal association and translation of gag/pol and vpu/env mR-
NAs. Mol. Cell Biol. 12, 1375–1386.
Daly, T. J., Cook, K. S., Gray, G. S., Maione, T. E., and Rusche, J. R. (1989).
Specific binding of HIV-1 recombinant Rev protein to the Rev-respon-
sive element in vitro. Nature 342, 816–819.
Eychene, A., Marx, M., Dezeke, P., and Calpthy, G. (1989). Complete
nucleotide sequence of IC10, a retrovirus containing the Rmil onco-
gene transduced in chicken neuroretina cells infected with avian
retrovirus RAV-1. Nucleic Acids Res. 17, 1250.
Fischer, U., Huber, J., Boelens, W. C., Mattaj, I. W., and Luhrmann, R.
(1995). The HIV-1 Rev activation domain is a nuclear export signal
that accesses an export pathway used by specific cellular RNAs. Cell
82, 475–483.
Fischer, U., Meyer, S., Teufel, M., Heckel, C., Luhrmann, R., and Raut-
mann, G. (1994). Evidence that HIV-1 Rev directly promotes the
nuclear export of unspliced RNA. EMBO J. 13, 4105–4112.
Fornerod, M., Ohno, M., Yoshida, M., and Mattaj, I. W. (1997). CRM1 is
an export receptor for leucine-rich nuclear export signals. Cell 90,
1051–1060.
Fritz, C. C., Zapp, M. L., and Green, M. R. (1995). A human nucleoporin-
like protein that specifically interacts with HIV Rev. Nature 376,
530–533.
Heaphy, S., Dingwall, C., Ernberg, I., Gait, M., Green, S. M., Karn, J.,
Lowe, A. D., Singh, M., and Skinner, M. A. (1990). HIV-1 regulator of
virion expression (Rev) protein binds to an RNA stem-loop structure
located within the Rev response element region. Cell 60, 685–693.
Hope, T. J., Huang, X., McDonald, D., and Parslow, T. G. (1990). Steroid-
receptor fusion of the human immunodeficiency virus type 1 Rev
transactivator: Mapping cryptic functions of the arginine-rich motif.
Proc. Natl. Acad. Sci. USA 87, 7787–7791.
Huang, Z.-M., and Yen, T. S. B. (1995). Role of hepatitis B virus post-
transcriptional regulatory element in export of intronless transcripts.
Mol. Cell Biol. 15, 3864–3869.
Kan, N. C., Flordellis, C. S., Mark, G. E., Duesberg, P. H., and Papas, T. S.
(1984). Nucleotide sequence of avian carcinoma virus MH2: Two
potential onc genes, one related to avian virus MC29 and the other
related to murine sarcoma virus 3611. Proc. Natl. Acad. Sci. USA 81,
3000–3004.
Katz, R. A., Omer, C. A., Weis, J. H., Mitsialis, S. A., Faras, A. J., and
Guntaka, R. V. (1982). Restriction endonuclease and nucleotide se-
quence analyses of molecularly cloned unintegrated avian tumor
virus DNA: Structure of large terminal repeats in circle junctions.
J. Virol. 42, 346–351.
Kimura, T., Hashimoto, I., Nishikawa, M., and Fujisawa, J. I. (1996). A
role for Rev in the association of HIV-1 gag mRNA with cytoskeletal
b-actin and viral protein expression. Biochimie 78, 1075–1080.
Kitamura, N., Kitamura, A., Toyoshima, K., Hirayama, Y., and Yoshida, M.
(1982). Avian sarcoma virus Y73 genome sequence and structural
similarity of its transforming gene product to that of Rous sarcoma
virus. Nature 297, 205–208.
Knight, J. B., Si, Z. H., and Stoltzfus, C. M. (1994). A base-paired structure
in the avian sarcoma virus 59 leader is required for efficient encap-
sidation of RNA. J. Virol. 68, 4493–4502.
Malim, M. H., Hauber, J., Le, S.-Y., Maizel, J. V., and Cullen, B. R. (1989).
The HIV-1 rev trans -activator acts through a structured target se-
quence to activate nuclear export of unspliced viral mRNA. Nature
338, 254–257.
Miller, J. T., and Stoltzfus, C. M. (1992). Two distant upstream regions
containing cis -acting signals regulating splicing facilitate 39-end
processing of avian sarcoma virus RNA. J. Virol. 66, 4242–4251.
Nasioulas, G., Hughes, S., Felber, B. K., and Whitcomb, J. W. (1995).
Production of avian leukosis virus particles in mammalian cells can
be mediated by the interaction of the human immunodeficiency virus
95COMPARISON OF RSV dr1 MUTANTS
protein Rev and the Rev-responsive element. Proc. Natl. Acad. Sci.
USA 92, 11940–11944.
Neckameyer, W. S., and Wang, L. H. (1985). Nucleotide sequence of
avian sarcoma virus UR2 and comparison of its transforming gene
with other members of the tyrosine kinase oncogene family. J. Virol.
53, 879–884.
Ogert, R. A., Lee, L. H., and Beemon, K. L. (1996). Avian retroviral RNA
element promotes unspliced RNA accumulation in the cytoplasm.
J. Virol. 70, 3834–3843.
Onuki, Y., Ohshima, A., Kawarabayasi, Y., and Takeya, T. (1987). Com-
parison of the structural organizations in the 39-terminal regions of
five avian retrovirus strains: RAV-7, RAV-50, PR-B, and SR-B. Virology
156, 163–166.
Pasquinelli, A. E., Ernst, R. K., Lund, E., Grimm, C., Zapp, M. L., Rekosh,
D., and Hammarskjold, M.-L. (1997). The constitutive transport ele-
ment (CTE) of Mason-Pfizer monkey virus (MPMV) accesses a cel-
lular mRNNA export pathway. EMBO J. 16, 7500–7510.
Quintrell, N., Hughes, S. H., Varmus, H. E., and Bishop, J. M. (1980). The
structure of viral RNAs in mammalian cells infected with avian
sarcoma virus. J. Mol. Biol. 143, 363–393.
Rizvi, T. A., Schmidt, R. D., and Lew, K. A. (1997). Mason-Pfizer monkey
virus (MPMV) constitutive transport element (CTE) functions in a
position-dependent manner. Virology 236, 118–129.
Ryden, C., Rubin, K., Speziale, P., Hook, M., Lindberg, M., and Wad-
strom, T. (1982). Fibronectin receptors from Staphylococcus aureus.
J. Biol. Chem. 258, 3396–3401.
Schwartz, D. E., Tizard, R., and Gilbert, W. (1983). Nucleotide sequence
of Rous sarcoma virus. Cell 32, 853–869.
Shibuya, M., and Hanafusa, H. (1982). Nucleotide sequence of Fujinami
sarcoma virus: Evolutionary relationship of its transforming gene
with transforming genes of other sarcoma viruses. Cell 30, 787–795.
Simpson, S., and Stoltzfus, C. M. (1994). Frameshift mutations in the
v-src gene of avian sarcoma virus act in cis to specifically reduce
v-src mRNA levels. Mol. Cell Biol. 14, 1835–1844.
Simpson, S. B., Zhang, L., Craven, R. C., and Stoltzfus, C. M. (1997). Rous
sarcoma virus direct repeat cis elements exert effects at several
points in the virus life cycle. J. Virol. 71, 9150–9156.
Sorge, J., Ricci, W., and Hughes, S. H. (1983). cis-Acting RNA packaging
locus in the 115–nucleotide direct repeat of Rous sarcoma virus.
J. Virol. 48, 667–675.
Stoltzfus, C. M., Lorenzen, S. K., and Berberich, S. L. (1987). Noncoding
region between the env and src genes of Rous sarcoma virus
influences splicing efficiency at the src gene 39 splice site. J. Virol. 61,
177–184.
Strohman, R., Moss, P., Micou-Eastwood, J., Spector, D., Przybyla, A.,
and Peterson, B. (1977). Messenger RNA for myosin polypeptides:
Isolation from single myogenic cell cultures. Cell 10, 265–273.
Tabernero, C., Zolotukhin, A. S., Bear, J., Schneider, R., Karsenty, G., and
Felber, B. K. (1997). Identification of an RNA sequence within an
intercisternal-A particle element able to replace Rev-mediated post-
transcriptional regulation of human immunodeficiency virus type 1.
J. Virol. 71, 95–101.
Tabernero, C., Zolotukhin, A. S., Valentin, A., Pavlakis, G. N., and Felber,
B. K. (1996). The posttranscriptional control element of the simian
retrovirus type 1 forms an extensive RNA secondary structure nec-
essary for its function. J. Virol. 70, 5998–6011.
Tang, H., Gaietta, G. M., Ficher, W. H., Ellisman, M. H., and Wong-Staal,
F. (1997a). A cellular cofactor for the constitutive transport element of
type D retrovirus. Science 276, 1412–1415.
Tang, H., Xu, Y., and Wong-Staal, F. (1997b). Identification and puri-
fication of cellular proteins that specifically interact with the RNA
constitutive transport elements from retrovirus D. Virology 228,
333–339.
Tsichlis, P. N., Donehower, L., Hager, G., Zeller, N., Malavarca, R., Astrin,
S., and Skalka, A. M. (1982). Sequence comparison in the crossover
region of an oncogenic avian retrovirus recombinant and its nonon-
cogenic parent: Genetic regions that control growth rate and onco-
genic potential. Mol. Cell. Biol. 2, 1331–1338.
Vogt, V. M., Bruckenstein, D. A., and Bell, A. P. (1982). Avian sarcoma
virus gag precursor polypeptide is not processed in mammalian
cells. J. Virol. 44, 725–730.
Wills, J. W., Craven, R. C., and Achacoso, J. A. (1989). Creation and
expression of myristylated forms of Rous sarcoma virus gag protein
in mammalian cells. J. Virol. 63, 4331–4343.
Zapp, M. L., and Green, M. R. (1989). Sequence-specific RNA binding by
the HIV-1 Rev protein. Nature 342, 714–716.
Zhang, L., Simpson, S. B., and Stoltzfus, C. M. (1996). Selection and
characterization of replication-competent revertants of a Rous
sarcoma virus src gene oversplicing mutant. J. Virol. (70), 3636–
3644.
Zhang, L., and Stoltzfus, C. M. (1995). A suboptimal src 39 splice site is
necessary for efficient replication of Rous sarcoma virus. Virology
206, 1099–1107.
Zolotukhin, A. S., Valentin, A., Pavlakis, G. N., and Felber, B. K. (1994).
Continuous propagation of RRE(2) and Rev(2)RRE(2) human immu-
nodeficiency virus type 1 molecular clones containing a cis-acting
element of simian retrovirus type 1 in human peripheral blood lym-
phocytes. J. Virol. 68, 7944–7952.
96 SIMPSON ET AL.
